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entry (Wes et al., 1995; Zhu et al., 1996; Zitt et al., 1996;
reviewed by Clapham, 1996).
The identification of TRP and TRPL as PI-regulated
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Department of Anatomy
Cambridge University Ca21 influx channels stems from genetic analysis in Dro-
sophila. Mutations in the transient receptor (trp) geneCambridge CB2 3DY
United Kingdom greatly reduce the Ca21 selectivity of the light-sensitive
current (Hardie and Minke, 1992). The remaining current
in the trp mutant appears to be mediated by a nonselec-
tive cation channel with significant permeability to Ca21
Summary
and is largely abolished by a null mutation of the trpl
gene (i.e., in a trp;trpl double mutant; Niemeyer et al.,
We have tested the proposal that the light-sensitive
1996). These results have led to the suggestion that the
conductance in Drosophila is composed of two inde- light-sensitive conductance in Drosophila is composed
pendent components by comparing the wild-type con- of two independent components: one encoded by the
ductance with that in mutants lacking one or the other trp gene, and the other encoded by trpl. Heterologous
of the putative light-sensitive channel subunits, TRP expression of TRP and TRPL in Xenopus oocytes (Pet-
and TRPL. For a wide range of cations, ionic perme-
ersen et al., 1995; Gillo et al., 1996; Lan et al., 1996) and
ability ratios in wild type were always intermediate
insect cell lines (Vaca et al., 1994; Harteneck et al., 1995;
between those of trp and trpl mutants. Effective chan-
Hardie et al., 1997) add some support to this proposal,
nel conductances derived by noise analysis in wild
since TRP expression is reported to generate a Ca21-
type were again intermediate (17 pS; c.f. 35 pS in trp
selective conductance, whereas TRPL generates a non-
and 4 pS in trpl) and also showed a complex voltage
selective cationic conductance. However, Gillo et al.
dependence, which was quantitatively explained by
(1996) and Xu et al. (1997) recently reported evidence
the summation of TRPL and TRP channels after taking
suggesting heteromultimeric subunit assembly of TRP
their different reversal potentials into account. Al-
and TRPL subunits. The present study was designed to
though La31 partially blocked the light response in
examine more critically whether the in situ wild-type
wild-type photoreceptors, it increased the effective light-sensitive conductance can indeed be considered
single channel conductance. The results indicate that as the sum of two components, and if so, whether these
the wild-type light-activated conductance is com- correspond to TRP and TRPL or whether there is a de
posed of two separate channels, with the properties
novo conductance indicative of heteromultimeric as-
of TRP- and TRPL-dependent channels as determined
sembly. To address this question, which has implica-
in the respective mutants.
tions not only for the structure of this novel ion channel
family but also for possible mechanisms of activation
Introduction and regulation, we have compared a variety of proper-
ties of the wild-type conductance with those of the
Phototransduction in Drosophila is mediated by a G TRPL- and TRP-dependent channels isolated in the re-
protein±coupled phosphoinositide (PI) cascade culmi- spective mutants, trp and trpl. Our results support the
nating in the opening of calcium- and cation-selective hypothesis that TRP and TRPL channels operate as dis-
channels in the plasma membrane (reviewed by Hardie tinct entities in wild-type flies. Furthermore, our mea-
and Minke, 1995; Ranganathan et al., 1995; Zuker, 1996). surements in trpl represent the firstdetailed descriptions
Evidence summarized below suggests that these light- of the TRP-dependent conductance in situ, thereby
sensitive channels are encoded at least in part by the allowing a revealing comparison with the properties of
transient receptor potential (trp) gene (Cosens and Man- heterologously expressed TRP channels (e.g., Vaca et
ning, 1969; Minke et al., 1975; Montell and Rubin, 1989) al., 1994; Xu et al., 1997).
and its homolog, trp-like (trpl; Phillips et al., 1992). The
trp gene is the prototypical member of a novel ion chan-
Resultsnel family within the superfamily of voltage-gated and
cyclic nucleotide±gated channels, its structure sug-
Reversal Potentials and Ionic Selectivitygesting that it encodes one subunitof a multimeric chan-
Reversal potentials (Erev) were measured under a varietynel assembly (reviewed by Hardie and Minke, 1993; Har-
of ionic conditions by recording responses to brief lightdie, 1996a; Minke and Selinger, 1996). Significantly,
flashes as the membrane potential was stepped in smallrecently discovered vertebrate and human homologs of
(2, 5, or 10 mV) steps around Erev. When bathed in normaltrp have been implicated in the widespread but poorly
physiological Ringer's solutions (120 mM NaCl, 5 mMunderstood phenomenon of PI-regulated Ca21 entry, of-
KCl, 1.5 mM Ca21, and 4 mM Mg21), Erev in trpl photore-ten referred to as store-operated or capacitative Ca21
ceptors (11.6 6 0.9 mV [mean 6 SD]; n 5 11) showed
a small but statistically highly significant (p , 0.0001,
Student's t test) positive shift compared to wild type*Present address: Department of Physiology, University College
(9.2 6 1.4 mV; n 5 22). As previously reported, Erev inLondon, Gower Street, London WC1E 6BT, United Kingdom.
²To whom correspondence should be addressed. trp301 (24.3 6 1.1 mV; n 5 8) showed a large negative
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shift with respect to wild type (Hardie and Minke, 1992;
Niemeyer et al., 1996).
Previous estimates of the ionic permeabilities of the
light-sensitive channels in Drosophila were made in the
presence of several ionic species using the Goldman
Hodgkin Katz (GHK) equations (Hardie and Minke, 1992).
In order to gain more reliable estimates of both monova-
lent and divalent ionic permeability ratios, reversal po-
tentials were determined under bi-ionic conditions in
which Cs1 was the only cation included in the pipette
solution, whereas the bath contained only one of a vari-
ety of monovalent or divalent cations. Under these con-
ditions, permeability (P) ratios can be derived from the












[Equation 2 for divalent ions,
e.g., Hille, 1992]
For monovalent species, the bath contained equimolar
concentrations of the respective ionic species (Na1 or
Li1). K1 was not tested because the large voltage-sensi-
tive K1 conductances in Drosophila photoreceptors
make accurate measurements impractical. The results
(Figure 1; Table 1) broadly confirm previous results using
multi-ion solutions, showing that the light-sensitive con-
Figure 1. Bi-ionic Reversal Potentials
ductance in wild-type flies has a greater permeability
(A) Reversal potentials determined under bi-ionic conditions withfor Na1 (PNa:PCs 5 1.16), whereas in trp mutants Cs1 10 mM external Ca21 and 130 mM internal Cs1 in wild-type, trp301,
is significantly more permeable (PNa:PCs 5 0.84). In trpl and trpl photoreceptors. Responses to 50 ms flashes were recorded
mutants, there is a slight positive shift in Erev of z2±3 as the holding potential was stepped in 10 mV intervals as indicated
(wild type from 22 to 38 mV; trp from 217 to 23 mV, and trpl frommV indicative of an even higher Na1 permeability. By
23 to 53 mV; values corrected for 212 mV junction potential). Incontrast, wild-type, trp, and trpl flies all appear to have
order to restrict the damaging effects of Ca21 influx in the absenceroughly the same relative permeability for Li1 (PLi:PCs in of Na/Ca exchange, the test solution (10 mM CaCl2, 120 mM NMDGrange 0.8±0.9). Cl) was applied by puffer pipette after initially bathing the cells in
For divalent ion species, external concentrations of 130 mM NMDG Cl. In addition to 130 mM Cs gluconate, the pipette
10 mM were used incombination with 120 mMN-methyl- solution contained 10 mM EGTA and 1 mM CaCl2 to buffer Ca21
influx.D-glucamine (NMDG1), which appears to be essentially
(B) Summary of reversal potentials recorded under a variety of bi-impermeant, as no inward currents can be measured
ionic conditions. With the exception of Li1, for which values are notwhen NMDG1 is the only external cation (Hardie and
statistically separable, Erev in wild type always fell between that ofMinke, 1992). However, when Ca21 was the only perme- trp and trpl. The permeability ratios in Table 1 were derived from
ant external cation we found it virtually impossible to these data using Equations 1 and 2. Error bars are standard devia-
record responses to light, probably because Na/Ca ex- tions; the data are based on at least 4 cells for each measurement
(see Table 1).change no longer operates and the cells rapidly become
loaded with damaging levels of Ca21. We therefore used
a strategy of first recording in a bath solution containing
only NMDG Cl, using a pipette solution containing 130 was reduced 10-fold (to 1 mM), Erev shifted to 6.9 6 2.3
mV (n 5 7), i.e., by z26 mV, which is close to the NernstmM Cs gluconate, 10 mM EGTA, and 1 mM CaCl2. Only
after establishing the whole-cell configuration (thereby prediction (29 mV). Similar measurements in the trp mu-
tant directly confirm the much-reduced Ca21 permeabil-buffering internal Ca21 with EGTA) was the test solution
containing 10 mM Ca21 and 120 mM NDMG applied to ity (Hardie and Minke, 1992). However, in the trpl mutant,
Erev was z10 mV more positive than in wild type, indicat-the cell by puffer pipette, and reversal potential mea-
surements were performed (e.g., Gomez and Nasi, ing that the Ca21 selectivity of the TRP-dependent chan-
nels was significantly greater (PCa:PCs 5 z110:1). Al-1996). Although not strictly necessary, other divalent
cations were tested in exactly the same way. though these channels are less selective than, for
example, voltage-sensitive Ca21 channels or calcium re-With 10 mM [Cao] and 130 mM [Csi], Erev in wild-type
flies was 32.7 6 3.3 mV (n 5 6; Figure 1), indicating that lease±activated current (ICRAC; Hoth and Penner, 1993),
these data demonstrate the high Ca21 selectivity of TRP-PCa:PCs equaled 45:1, which agrees well with previous
measurements based on Ca21-dependent shifts in Erev dependent channels in situ.
Figure 1 and Table 1 summarize results measured forin the presence of a variety of other internal and external
cations (Hardie and Minke, 1992). When external [Cao] a variety of monovalent and divalent cations, including
Drosophila TRP and TRPL Channels
1251
Table 1. Ionic Permeability Ratios of TRP- and TRPL-Dependent Conductances
PTRP (in trpl) PTRPL (in trp) PWT % TRPL
PCa:PCs 109.9 6 44.3 (6) 4.3 6 1.6 (7) 45.1 6 11.6 (6) 61 6 11
PBa:PCs 54.8 6 12.3 (6) 4.2 6 0.5 (6) 48.9 6 4.3 (6) 12 6 9
PMg:PCs 13.0 6 2.9 (6) 1.4 6 0.6 (6) 5.7 6 0.8 (5) 63 6 6
PMn:PCs 11.8 6 1.5 (6) 1.5 6 0.1 (6) 6.8 6 1.9 (6) 49 6 18
PNa:PCs 1.27 6 0.06 (4) 0.84 6 0.02 (4) 1.16 6 0.06 (5) 26 6 14
PLi:PCs 0.89 6 0.05 (8) 0.80 6 0.05 (8) 0.89 6 09 (7) 2
Permeability ratios (Px:PCs) were derived from bi-ionic reversal potential data (Figure 1) using Equations 1 and 2. Data are expressed as mean 6
SD (number of cells) with respect to internal Cs gluconate (130 mM). Divalents were measured using 10 mM external cations; monovalents,
using 130 mM. No corrections were made for ionic activities. Channels were measured in respective mutants, i.e., TRPL channels were
measured in the trp mutant, TRP-dependent channels were measured in trpl. The final column gives the percentage of the wild-type conductance
that can be attributed to TRPL channels, assuming the wild-type conductance is the weighted sum of TRP and TRPL permeabilities as
determined in the respective mutants (i.e., PWT 5 k 3 PTRPL 1 [12k]PTRP). SD, in this case, was based on the SD of the wild-type permeability.
For the case of Li1, reversal potentials were not statistically separable (within 2±3 mV), making this derivation unreliable.
Na1, Li1, Ca21, Ba21, Mg21, and Mn21. In general, the imperfect space-clamp conditions, which would vary
dynamically with the magnitude of the current; and (3)wild-type value is intermediate between that of the trp
and trpl mutants, as predicted if the wild-type current contribution of electrogenic Na/Ca exchange current to
the response.is the sum of independent TRP and TRPL components.
On this assumption, the data allow direct estimates of In order to obtain a quantitative measure for the bipha-
sic behavior, we estimated Erev during the early risingthe relative contributions of each conductance to the
wild-type response under the various conditions (final phase of the response and also during the late falling
phase (responses averaged at times before 50% risecolumn of Table 1; see Discussion).
and after 50% decay; see Figure 3). The absolute differ-
ence (EBIP in mV) was taken as an objective index of theCurrent±Voltage (I±V) Relationships
Under divalent-free conditions, I±V relationships of the biphasic behavior. Possibilities 1 and 2 above would
predict that the biphasic behavior would become morelight-activated conductance in both wild type and trp
show a simple outward rectification, indicative of a volt- pronounced with larger currents generated by higher
intensities; however, Figure 3B shows that over a 6-foldage-dependent increase in channel open probability at
depolarized potentials. In the presence of external Mg21, range of intensity, whereby conductances increased by
over 3-fold, EBIP showed no significant difference. Tothe wild-type I±V relationship develops a dual inward
and outward rectification due to a voltage-dependent test the possibility of Na/Ca exchange contributing to
the waveform, we rapidly replaced external Na1 withblock by Mg21, which can be relieved by both hyperpo-
larization and depolarization (Hardie and Mojet, 1995). Cs1 to block the exchanger, using a puffer pipette. The
Mg21 also blocks the current carried by TRPL channels
isolated in the trp mutant, but to a lesser extent and
with little if any voltage dependence, so that the I±V
relationship retains a simple outward rectification (Fig-
ure 2; Hardie et al., 1997). In contrast, as shown in Figure
2, the I±V relationship of the light-sensitive conductance
in the trpl mutant is similar to that of wild type in always
showing a pronounced dual rectification, indicating that
this property of the light-sensitive conductance does
not require TRPL channels. A more precise comparison
was not made, as the exact shapes of the I±V functions
in wild type and trpl were found to be rather variable.
Biphasic Reversal Potential
When external Ca21 is lowered to 0.5 mM in otherwise
normal physiological Ringer's, adult wild-type photore-
Figure 2. Current±Voltage (I±V) Relationships Determined from Volt-
ceptors show a ªbiphasic reversal potentialº; i.e., there age Ramps in Wild-Type, trp301, and trpl Photoreceptors in Physio-
is no unique reversal potential, but at holding potentials logical Ringer's Containing 0 Ca21 and 4 mM Mg21
close to reversal potential the light-induced current (LIC) The current in trp shows a simple exponential outward rectification;
is initially outward and then inward (e.g., Figure 3). This however, in both wild-type and trpl flies there is a conspicuous
S-shaped inward and outward rectification under both conditions.behavior has been interpreted as due to the sequential
Apart from a slight shift in reversal potential, no significant differ-activation of two classes of channel with different rever-
ences could be detected between I±V relationships of wild-type andsal potentials (Hardie and Minke, 1992), which can be
trpl photoreceptors; however, there was considerable variation intentatively attributed to TRPL and TRP. However, in
the extent of the inward rectification in both cases, making precise
principle, a number of alternative explanations might comparison impossible. I±V relationships were derived using ramps
also account for such biphasic behavior: (1) changes in from 2100 to 80 mV applied during steady state light responses,
subtracting a template recorded immediately before in the dark.ionic concentration gradients during the response; (2)
Neuron
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Figure 3. Biphasic Reversal Potential in Wild-
Type Photoreceptors
(A and B) Families of responses to 20 ms
flashes in wild-type photoreceptor in 2 mV
steps around reversal potential (2±10 mV)
showing biphasic responses near reversal
potential. Increasing the intensity from 400
(lo) to 2400 (hi) photons per flash (A) or replac-
ing external Na1 with Cs1 by puffer pipette
(B) did not noticeably influence the biphasic
behavior, although the Cs1 substitution re-
sulted in a z2±3 mV shift in reversal potential.
(C) An objective index of this biphasic behav-
ior was obtained by estimating Erev both dur-
ing the rising phase (data points averaged
before 50% rise of the fastest response) of
the response and the tail of the response
(after 50% decay of the slowest response;
see vertical lines in [A] and[B]). The difference
(in mV) is defined as EBIP and was inde-
pendent of intensity or the presence of exter-
nal Na1. Data averaged from at least two
repeated determinations in four or five cells for each case. Responses were recorded with a bath containing 0.5 mM Ca21 and 4 mM Mg and
with a Cs TEA electrode to eliminate K channel activity and z75% series resistance compensation.
substitution of Cs1 induced the expected small change whereas in trp flies, where the current is carried by
TRPL channels, the estimated channel conductancein Erev due to the difference in permeability for Na1 versus
Cs1; however, EBIP was not affected. was z103 greater (35 pS). Values in wild type were
intermediate, as would be expected if both channelsFinally, if the biphasic behavior is a consequence of
sequential activation of TRP and TRPL channels, then contributed to the response (the effective conductance
now being the weighted average of the two). Qualita-clearly responses in trpl flies should no longer show
biphasic behavior. However, if any of the three alterna- tively, this relation can be seen directly in the original
traces; there is very little channel noise visible in trpltives suggested above account for the behavior, there
is no obvious reason why a biphasic behavior should responses, whereas high frequency channel noise can
clearly be seen in the trp mutant and, to a lesser extent,not also be seen in trpl. In over 50 cells, we never de-
tected any significant biphasic behavior in trpl (e.g., in wild type (Figure 4).
The values above were determined at resting potentialFigure 5). As previously reported, neither did we detect
a biphasic response in trp mutants (Hardie and Minke, (270 mV). For a response mediated by one class of
channel, the single channel conductance would nor-1992).
mally be expected to be independent of voltage; how-
ever, in wild-type photoreceptors, the hypothesis thatNoise Analysis
It has thus far proved impossible to directly patch-clamp there are two independent channels with different rever-
sal potentials and different single channel conductancesthe light-sensitive channels in Drosophila because of
their inaccessible location in the microvilli. However, predicts a very specific and unusual voltage depen-
dence of effective channel conductance at voltages nearwith certain assumptions, the amplitude of single chan-
nel currents can be derived from recordings of macro- reversal potential. Namely, as the command potential
approaches Erev for the TRPL channels, the responsescopic channel noise as the ratio of the variance to the
mean current (Colquhoun and Hawkes, 1977). In order should be dominated by the low conductance TRP chan-
nels, whereas when the command potential approachesto extract the high frequency noise from response to
flashes of light, we used nonstationary analysis, while Erev for TRP, the responses should be dominated by high
conductance TRPL channels. At reversal potential, therecording in Ca21-free Ringer's toslow down the kinetics
of transduction. Smooth functions were fitted to individ- estimated conductance should approach infinity since
the average mean current is zero but variance is finite,ual light responses and subtracted from the original
trace to isolate the high frequency channel noise. Plots as TRP channels would be expected to be mediating
outward currents, balanced by inward currents carriedof variance against mean current determined from short
overlapping segments of the response for such data by TRPL channels. Qualitative confirmation of this pre-
diction can be directly observed in representative traceswere approximately linear, allowing the effective ampli-
tude of the underlying single channel currents to be recorded in 0.5 mM Ca21 Ringer, i.e., the same condi-
tions used for measurements of biphasic reversal poten-derived directly from the slope (variance/mean). Single
channel conductances were then estimated by dividing tials (Figure 5). At 0 mV (near TRPL Erev), responses in
wild type were virtually noise-free (similar to trpl mutant);by the EMF (holding potential 2 Erev) and corrected for
the fraction of power estimated to have been filtered however, similar sized responses at 10 mV (near TRP
Erev) showed clear channel noise (similar to trp mutant).by the recording bandwidth (see Experimental Proce-
dures). The estimated single channel conductance of The apparent single channel conductances derived from
such data in trp, trpl, and wild type, all assuming aTRP channels isolated in trpl flies was rather low (4 pS),
Drosophila TRP and TRPL Channels
1253
La31 Block
Micromolar concentrations of La31 completely blocks
TRP channels but leaves TRPL channels unaffected
(Hochstrate, 1989; Suss-Toby et al., 1991; Hardie and
Minke, 1992; Niemeyer et al., 1996). The different chan-
nel conductances of TRP and TRPL channels leads to
another otherwise counterintuitiveprediction of the two-
channel model: namely, that during a La31-induced
block of the light-induced current in wild-type photore-
ceptors, there should be a reduction in amplitude but an
increase in the estimated channel conductance. Figure 6
shows responses before and immediately after applica-
tion of La31 (20 mM) by puffer pipette. In agreement with
the prediction, following application of La31 responses
were significantly attenuated, but relative channel noise
increased. Figure 6B confirms that the effective channel
conductance, estimated from the variance-to-mean ra-
tio, did indeed increase as the block developed. In con-
firmation of the findings of Niemeyer et al. (1996), La31
completely blocked the light response in trpl flies. How-
ever, variance-to-mean ratios determined during partial
blocks induced by low doses of La31 remained constant
and indicative of a low channel conductance (Figure 6).
TRP and TRPL Channels Are Differentially
Regulated by Ca21
Figure 4. Channel Noise in Flash Responses Recorded at 270 mV Thus far our results, which were obtained either under
in Ca21-Free Ringer's Solution in trpl, Wild Type, and trp. Ca21-free conditions or at potentials near reversal po-
(A) High frequency channel noise can be seen superimposed upon tential, suggest that the TRP and TRPL channels contrib-
the response waveforms in all three cases, but differs in magnitude, ute approximately equally to the light-sensitive conduc-
being largest in trp and smallest in the trpl mutant. Before each
tance. This raises the question of why trpl mutant andflash, a 210 mV voltage step was delivered to measure the clamp
wild-type light responses appear indistinguishable un-time constant from exponential fits to the decay of the capacitative
der physiological conditions (Niemeyer et al., 1996). Wetransient (no series resistance compensation applied).
(B) Effective channel conductances. Nonstationary noise analysis suspected that this apparent contradiction might be ex-
was used to extract the effective single channel currents (I 5 vari- plained by differential regulation of TRP and TRPL chan-
ance/mean) underlying the channel noise. Effective channel conduc- nels by Ca21 influx, leading to a dominant contribution
tance (g) was then calculated as g 5 I/EMF (where EMF 5 holding
of TRP channels at resting potential with normal (1.5potential 2 Erev) and corrected for the power lost due to filtering by
mM) external Ca21. To test this idea, responses to dimthe recording bandwidth (see Experimental Procedures). The data,
flashes were recorded in the same cells in the presenceaveraged from at least 10 flash responses in each cell, confirm that
the effective conductance is low for TRP channels (in trpl mutant; and absence of extracellular Ca21, using a puffer pipette
n 5 4 cells)and high for TRPL channels (in trp; n 5 6), with intermedi- containing EGTA-buffered Ca21-free Ringer's to rapidly
ate values in wild type (n 5 14). remove extracellular Ca21. As previously reported (Har-
die, 1991), in wild-type flies, responses in the presence
of extracellular Ca21 are facilitated but inactivate more
single (measured) value for Erev, are shown in Figure 5. rapidly due to sequential positive and negative feedback
As expected, in trp and trpl, values were independent mediated by Ca21 influx (Figure 7). In trpl mutants, this
behavior is even more pronounced, such that peak re-of holding potential. However, in wild type the estimated
sponses in the presence of Ca21 are increased z8-fold.conductance showed a characteristic dependence on
In marked contrast, in trp mutants responses in thevoltage, which is accurately predicted by a simple arith-
presence of Ca21 inactivated more rapidly, whereas themetic model based on the summation of the contribu-
rising phase was unaltered, and on average peak re-tions of TRP and TRPL channels (solid line). In particular,
sponses were reduced z2.5-fold. Compared to Ca21-there was a minimum of conductance at Erev of the TRPL
free conditions, therefore, these results predict that thechannels and a z10-fold higher conductance near Erev
relative contribution of TRPL channels to the wild-typefor TRP, whereas near the measured reversal potential,
light response should be reduced by z20-fold at restingthe estimated conductance approaches infinity. Since
potential in the presence of physiological levels of Ca21.Erev and channel conductance for TRP and TRPL chan-
nels were estimated in the respective mutants under
the same conditions, the only free parameter used for The trpl;trpCM Double Mutant Is Blind
modeling this voltage dependence was the relative pro- Niemeyer et al. (1996) reported that sensitivity to light
portion of the current carried by each channel. A good was substantially diminished but not abolished in a
fit to the data was obtained assuming equal current trpl;trp301 double mutant. Since the residual response
was found to be blocked by La31, they suggested thatcarried by each component.
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Figure 5. Voltage Dependence of Apparent
Effective Conductance Calculated from High
Frequency Channel Noise at Potentials near
Reversal Potential (0 mV)
Nonstationary noise analysis was used to ex-
tract the effective single channel conduc-
tance, g (see Figure 4 legend and Experimen-
tal Procedures).
(A) As expected for the case of a current car-
ried by a single channel, in both trp and trpl
flies the calculated channel conductance is
independent of voltage; however, values dif-
fer z10-fold (absolute values are smaller than
in Figure 4, as they have not been corrected
for filtering by the recording bandwidth).
(B) In wild type, the derived effective conduc-
tance shows a characteristic voltage depen-
dence, reaching a minimum z5±10 mV below
the measured reversal potential, with z103
larger values for outward currents. Near Erev,
values approach infinity as the mean current
approaches zero, whereas variance is still fi-
nite (e.g., inset [wild type indicated by arrow]).
The smooth curve is the behavior predicted
by a simple arithmetic model assuming two
channels with the single channel conduc-
tances and reversal potentials measured in
the trp and trpl mutants, respectively, each
contributing 50% of the macroscopic con-
ductance. Data are averaged from five cells
in each case; voltages are expressed with
respect to reversal potential to facilitate
comparison. The actual Erev values measured under these conditions (0.5 mM Ca21, 4 mM Mg21) were 5.9 (wild type), 10.8 (trpl), and 22.9 mV
(trp) mV. Arrows in (B) indicate Erev of TRP- and TRPL-dependent channels. Insets (right) show examples of responses used to derive these
data; each family of traces are responses to 20 ms flashes at a series of holding potentials in 5 mV steps around reversal potential (range
indicated). Apart from the absolute shifts in reversal potential, note that (1) at reversal potential in wild type (arrow), there is a biphasic response
(see also Figure 3), but both trp and trpl have a unique reversal potential; (2) in trp, a minimum in the high frequency channel noise is seen
at reversal potential; however, in wild type, minimum variance is observed at a holding potential negative to Erev (arrow shows clear high
frequency channel noise at reversal potential); and (3) in trp, the noise bandwidth is similar for inward and outward currents; however, in wild
type, more noise is associated with the outward currents. In trpl noise is uniformly low at all holding potentials.
trp301 was not a completely null allele and that the resid- whereas erg recordings showed robust responses with
ual response was mediated by a small number of TRP sensitivity reduced z3±4 log units compared to wild
channels. However, it is also possible that the residual type or trpl (data not shown). As a useful control against
response represents a further class of La31-sensitive any effect of genetic background, when the same
light-sensitive channel. In an attempt to resolve this is- trpl;trpCM stock was reared at the permissive tempera-
sue, we generated a trpl;trp double mutant using a differ- ture of 198C, large (z4 nA) responses could be recorded
ent trp allele, trpCM. This allele is a developmentally tem- in response to the Xe flash stimulus (Figure 8), whereas
perature-sensitive mutation that, when reared at 198C, sensitivity determined using dimmer flashes was found
produces substantial amounts of functional TRP protein to be reduced by only z2±3 log units with respect to
(Minke, 1983; Pollock et al., 1995); however, when raised wild type or trpl (data not shown). These results thus
at 258C it appears to have a near null phenotype, indis- indicate that loss of functional trp and trpl gene products
tinguishable from trp301. Figure 8 shows responses in leads to complete abolition of the light response and
trpl;trpCM flies elicited by a supersaturating stimulus
that, unlike trp301, trpCM is functionally a complete null
from a high voltage Xe flash lamp, which in wild-type
allele when reared at 258C, even though protein can still
or trpl flies evoked responses in excess of 20 nA (not
be detected with TRP antibodies (Pollock et al., 1995).shown). The initial biphasic response is the early recep-
tor current, which represents the charge movement due
to rhodopsin photoisomerization (Pak and Liddington,
Discussion1974). This is of similar size to that measured in wild-
type flies (Hardie, 1995) and demonstrates that the pho-
We have investigated a variety of properties of the light-toreceptors have a near normal complement of rhodop-
sensitive conductance in wild-type photoreceptors andsin. Otherwise, there was virtually no other response to
compared these with the properties in trp and trpl mu-the flash (Figure 8). This profound loss of respon-
tants lacking one or the other of the two putative channelsiveness to light in trpl;trpCM was also confirmed using
subunits, TRP and TRPL. The results are consistent withelectroretinogram (erg) recordings, in which no re-
the hypothesis that TRP and TRPL contribute indepen-sponse at all could be detected (n 5 12). By contrast,
dently to the wild-type response and provide estimatesin trpl;trp301 the same Xe flash stimulus elicited re-
sponses in excess of 500 pA (750 6 138 pA; n 5 5), of the relative contributions of each component under
Drosophila TRP and TRPL Channels
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Figure 7. Differential Regulationof TRP and TRPL Channelsby Ca21
(A) Each pair of traces shows responses to brief (10 ms) flashes in
the presence (rapid responses) and absence (slow responses) ofFigure 6. Lanthanum block
extracellular Ca21. The rate of rise in the trp mutant (i.e., TRPL(A) Responses to 20 ms flashes recorded in a wild-type photorecep-
channels) was unaffected by Ca21, but responses terminated much
tor (above) and a trpl photoreceptor (below) immediately before and
more rapidly in the presence of Ca21, resulting in an overall inhibition
after application of La31 (20 mM) from a puffer pipette placed near
by Ca21. In trpl flies (TRP-dependent channels), Ca21 greatly facili-
the recorded cell. In the wild-type cell, the smaller response is asso-
tated the rising phase. In wild type, a more modest facilitation wasciated with relatively greater channel noise, whereas no obvious
observed.difference can be detected in the trpl photoreceptor, in which chan-
(B) Summary of the effect of Ca21 on peak responses, indicatingnel noise is uniformly low. In trpl, but not wild type, La31 results in
that compared to the situation in Ca21-free Ringer's, TRP channelsa complete block of the response.
(in trpl) are facilitated z8-fold, whereas TRPL channels are inhibited(B) Peak response (triangles) and effective single channel conduc-
z2.5-fold (mean 6 SD from six to eight cells in each case).tance (squares) calculated from variance/mean ratio before andafter
La31 application in wild type (closed symbols) and trpl (open sym-
bols). This confirms the increase in apparent channel conductance
in wild-type flies, whereas in trpl the effective channel conductance conductance were intermediate between those of trp
is small and unaffected by La31. Flashes were repeated at 8 s in- and trpl; (2) unique reversal potentials were found in
tervals. both trp and trpl mutants, but not in wild type; (3) the
La31 block in wild type (but not trpl) was associated
with an otherwise counterintuitive increase in effectivevarious conditions. We report a number of novel pheno-
typic manifestations of the trpl mutation, and our de- channel conductance; and (4) effective channel conduc-
tance was independent of voltage in both trp and trplscription of the light-sensitive conductance in the trpl
mutant represents a detailed description of the TRP- mutants but showed a very characteristic dependence
in wild type, which could be completely accounted fordependent channels in situ in isolation from the TRPL
channel subunits. by the summation of the TRP and TRPL channels with
the properties (conductance and Erev) determined in the
respective mutants (Figure 5).Basis of the Wild-Type Light-Sensitive Conductance
The data in this paper are consistent with the hypothesis
that the wild-type light-induced current is mediated by Relative Contributions of TRP- and
TRPL-Dependent Channelsat least two independent conductances, which have the
properties of the channels present in the trp and trpl If it is accepted that the wild-type conductance is
composed of two components with the properties ofmutants, respectively. In each situation investigated, the
property of the wild-type conductance could be quanti- TRP- and TRPL-dependent channels isolated in the
respective mutants, then the data allow a number oftatively accounted for by summation of the two compo-
nents isolated in the trp and trpl mutant. Specifically, independent estimates of the relative contribution of
each component to the wild-type response.(1) wild-type ionic permeabilities and effective channel
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TRPL with monovalent ions were much smaller than
with divalent ions, so that errors of only 1±2 mV in the
estimation of Erev would lead to large errors in theestima-
tion of relative proportions of the two conductances. A
significant exception was found, however, with respect
to currents carried by Ba21, in which it seems that 90%
of the current is carried by TRP channels. Such a dis-
crepancy could be explained by a pharmacological ef-
fect of Ba21 on open probability or single channel con-
ductance.
Fourth, the effective single channel conductance de-
termined by noise analysis in wild type in Ca21-freeRing-
er's at resting potential was 17 6 10 pS. This would be
accounted for by a 58% 6 32% contribution from TRP
channels (4 pS) and a 42% 6 32% contribution from
TRPL channels (35 pS).
Most of these estimates, which are almost entirely
independent, give a similar resultÐnamely, approxi-
mately equal relative contributions of TRP and TRPL in
terms of total currentÐsince the single channel conduc-
tance of TRP is z103 less than that of TRPL, this indi-
cates that there should be z103 more TRP channels
than TRPL channels contributing to the responses. This
is consistent with a recent quantitative estimate of the
amounts of TRP and TRPL protein expressed in Dro-
sophila eyes (Xu et al., 1997).Figure 8. Responses in trpl;trp Double Mutants
It should be emphasized that all of these estimatesResponses to saturating ultraviolet flashes from a high voltage (z2
refer to rather specific conditions: namely, either inCa21-ms, 300 V discharge) Xe flash gun. In both trpl;trpCM and trpl;trp301,
the flash elicits a large biphasic early receptor current of z100±200 free Ringer's or around reversal potential. Although we
pA, indicating that the cells have a near normal complement of found a similar relationship (z50:50) using a variety of
rhodopsin. In the trpl;trp301 double mutant and in trp;trplCM raised at independent estimates, this relation is not expected to
the permissive temperature of 198C, the flash also elicits a large
be constant under all conditions, most notably becauselight-induced current (response clipped due to amplifier saturation
of major differences in the regulation of the two channelsfor trpl;trpCM raised at 198C). However, in trpl;trpCM raised at 258C,
by Ca21 influx. As we show here (Figure 7), the activitythere is no further response. The recordings are shown on an ex-
panded scale below. Recordings were made under ªphysiological of TRP-dependent channels in the trpl mutant is initially
conditionsº (physiological Ringer's; K gluconate electrode; holding greatly facilitated by Ca21, whereas the TRPL channels
potential, 270 mV). show only Ca21-dependent inactivation. Quantitatively,
the difference in Ca21 dependence (z20-fold increase
of TRP relative to TRPL in the presence of Ca21) pre-
First, by clamping at the reversal potentials of TRP dicts that TRP channels should account for z95% of
and TRPL channels (as determined in the trp and trpl the wild-type response at resting potential in the pres-
mutants), it should be possible to isolate each compo- ence of Ca21 and can thus explain the observation that
nent in wild type, so that the relative size of the re- flash responses and quantum bumps, recorded at rest-
sponses at the respective reversal potentials should ing potential in the trpl mutant, appear essentially indis-
provide a direct estimate of the relative contribution of tinguishable from wild type in the presence of physiolog-
the two channels to the light response. Interpolation ical Ca21 (Niemeyer et al., 1996; S. R. Henderson and
from the same recordings used for the voltage depen- R. C. H., unpublished data). The physiological role of the
dence of noise analysis (e.g., Figure 5) lead to an esti- TRPL channels remains an open question; presumably,
mate of 56% 6 22% TRPL- and 44% 6 22% TRP- their relative contribution will increase as the cell depo-
dependent conductance (mean 6 SD; n 5 14; based on larizes, not only because of the reduced Ca21 influx but
peak responses in wild type at mean Erev in trp and trpl). also because of a voltage-dependent dependent block
Second, the complex dependence of effective chan- by Mg21, which is specific to the TRP-dependent chan-
nel conductance on voltage (Figure 5) could be closely nels (Hardie and Mojet, 1995).
modeled on the assumption of two independent compo-
nents. The data were well-fitted, assuming an equal pro-
portion was carried by each component. Comparison with Heterologously
Expressed ChannelsThird, on a two channel model the wild-type perme-
ability is predicted to be the weighted average of the Recently, we reported that the ionic selectivity of heter-
ologously expressed TRPL channels, as well as a varietytwo components. In three cases (Ca21, Mn21, and Mg21),
the wild-type results indicated a combination of z50%± of other biophysical parameters, were quantitatively in-
distinguishable from those in the trp301 mutant, consis-60% TRPL and z40%±50% TRP (Table 1). For Na1,
a smaller proportion of TRPL was indicated; however, tent with the proposal that TRPL homomultimers medi-
ate the light-sensitive current in the trp301 mutant (Hardiedifferences in reversal potentials between TRP and
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Experimental Procedureset al., 1997). However, the properties of TRP-dependent
channels determined in the trpl mutant deviate signifi-
Fliescantly from the available data from heterologously ex-
All experiments wereperformed on newlyeclosed (,2 hr) Drosophila
pressed TRP channels (e.g., Vaca et al., 1994). The most melanogaster adults. The wild-type strain was white-eyed (w) Ore-
striking differences concern permeability for divalent gon; to isolate TRPL-dependent channels, we used w;trp301, which
is a near null mutant without detectable TRP protein on Westernions. For example, permeability ratios for Ba21 and Mg21
blots (Pollock et al., 1995). Towards the end of this study, we dis-were reported, respectively, as z150- and 3000-fold
covered that the trpCM allele (Cosens and Manning, 1969) is a morelower in insect Sf9 cells than in the present study (calcu-
effective functional null allele; however, except in the double mutantlated from bi-ionic Erev potential data of Vaca et al., 1994). combination (trpl;trp), trpCM and trpP301 appear quantitatively indistin-
Such conspicuous discrepancies make it unlikely that guishable (e.g., with respect to reversal potential and channel noise).
the same channels were being studied in the two situa- To isolate TRP-dependent channels, we used trpl302,cn,bw, a null
allele kindly provided by Dr C. Zuker (La Jolla), which has a nonsensetions. A possible explanation would be that TRP inter-
codon just prior to the transmembrane sequences (Niemeyer et al.,acts with channel subunits endogenous to the expres-
1996). Flies were raised at 258C unless otherwise stated.sion system. Alternatively, the native TRP-dependent
light-sensitive channels might incorporate an additional,
Electrophysiological Recording and Stimulation
as yet unidentified channel subunit. A further implication Dissociated ommatidia were prepared as previously described (Har-
of these considerations is that it may be premature to die, 1991, 1996b). Briefly, retinae were rapidly dissected out and
conclude that activation of TRP-dependent channels triturated, and the dissociated ommatidia were allowed to settle in
a recording chamber on the stage of an inverted microscope (Nikonby thapsigargin in expression studies represents the
Diaphot). Whole-cell recordings were made using unsylgarded pi-physiological route of excitation in situ.
pettes 5±10 MV in resistance. Series resistances were in the rangeOur results also contrast with two recent studies,
10±20 MV; for most measurements, series compensation of 70%±
which have suggested that TRP and TRPL form hetero- 80% was applied, but for noise analysis no compensation was ap-
multimers. First, Gillo et al. (1996) reported that, follow- plied, and the clamp time constant was monitored repeatedly using
ing coexpression of TRP and TRPL in Xenopus oocytes, 10 mV voltage pulses at the start of each sampled data trace. Series
resistance errors (typically of the order of 1 mV) were calculateddepletion of Ca21 stores activated a novel current with a
and corrected for in all quantitative data. Stimulation was either byMg21-dependent dual inward and outward rectification.
a green light-emitting diode (LED) focused via the condenser, aAlthough such rectification is reminiscent of the Dro-
monochromatic green light (560 nm) from a 75 W Xe lamp, or a high
sophila wild-type light-activated conductance, as we voltage Xe flash lamp (XF-10; Hi-Tech Scientific, UK) capable of
show here this property does not require TRPL (Figure discharging up to 385 V within 2 ms. Both Xe light sources were
2). Furthermore, Gillo et al. (1996) also found a current delivered via the fluorescent port of the microscope.
with similar rectification when TRPL was expressed
Solutionsalone (though now activated constitutively rather than
Physiological Ringer's contained (in mM) 120 NaCl, 5 KCl, 4 MgCl2,by store depletion). Since no such rectification is seen
1.5 CaCl2, 10 N-Tris-(hydroxymethyl)-methyl-2-amino-ethanesul-in TRPL channels in the trp mutant (Figure 2; Hardie and
phonic acid (TES), 25 proline, and 5 alanine. For bi-ionic reversal
Minke, 1994; Hardie et al., 1997), or in TRPL channels potential measurements of monovalent ions, the only external ions
expressed in othersystems (Vaca et al., 1994; Harteneck present were 130 mM NaCl or LiCl (solution otherwise unchanged).
et al., 1995; Hardie et al., 1997), it seems possible that the Divalent ions (Ba21, Mg21, Mn21, or Ca21) were used as 10 mM
solutions of the chloride salt, in the presence of 120 mM N-methyl-currents observed may have been endogenous currents
D-glucamine Cl (NMDG Cl), 10 TES, 25 proline, and 5 alanine. ªPhysi-activated in an unknown manner by the expressed TRP
ologicalº pipette solution contained (in mM) 140 K gluconate, 10and TRPL proteins.
TES, 4 Mg ATP, 2 MgCl2, and 0.4 Na GTP. For reversal potentialSecond, Xu et al. (1997) reported direct in vitro evi- measurements using physiological Ringer's solutions, K gluconate
dence for heteromultimeric interactions of TRP and was replaced with 120 mM CsCl and 15 mM TEA. For bi-ionic rever-
TRPL subunits and proposed that in vivo the wild-type sal potential measurements using monovalent ions, the pipette con-
tained 130 mM Cs gluconate and 10 mM TES. For measurementsconductance is composed of TRP homomultimers and
of bi-ionic reversal potentials when Ca21 was the only permeantTRP±TRPL heteromultimers. Since we have found that
extracellular ion, it was found necessary to protect the cells fromthe two components of the wild-type conductance are
Ca21 overload (due to inhibition of Na/Ca exchange). For this pur-
quantitatively accounted for by the conductances found pose, cells were initially bathed in a solution containing 130 NMDG
in the trp and trpl mutants, respectively, this proposal Cl, 10 TES, 25 proline, and 5 alanine and recorded from using a
would only be consistent with our in vivo analysis if pipette containing 130 mM Cs gluconate and 10 mM TES with 10
mM EGTA and 1 mM CaCl2. Only after establishing the whole-cellTRP±TRPL heteromultimers had essentially the same
configuration was the solution containing 10 mM Ca21 perfusedproperties as TRPL alone. However, the properties of
onto the cell from a wide-bored (z20 mm) puffer pipette. Althoughthe putative heteromultimer reported by Xu et al. (1997)
not strictly necessary,an identical procedure was followed for deter-
following coexpression of TRP and TRPL in 293T cells mination of Erev of the other divalent ions as well. All solutions were
were distinct from those of the TRPL-dependent con- buffered to a pH of 7.15. The Cs gluconate pipette solutions induced
ductance, both when compared with TRPL heterolo- a junction potential of 212 mV; K gluconate, a potential of 210 mV;
and CsCl-TEA solutions, a potential of 23 mV; these were correctedgously expressed in the same cell line and with TRPL
for in the data. Chemicals were obtained from Sigma.in vivo (in the trp mutant or in wild type after application
of La31). Conceivably, such discrepancies may also be
Nonstationary Noise Analysisresolved by the involvement of a third subunit; however,
Each light response was fitted with a smooth function, which was
the possibility should also be seriously considered that achieved by fitting 100 ms data segments (sampled at 5 kHz, Bessel
although TRP and TRPL may show evidence of interac- filtered at 2 kHz) with fourth order polynomial functions: the fit was
tion in vitro, they do not form functional heteromultimers repeated for overlapping segments at 12.5 ms intervals and the final
fit synthesised from the central 12.5 ms of each individual fit. Thisin vivo.
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fitted function was subtracted from each trace to extract the high Hardie, R.C., and Minke, B. (1992). The trp gene is essential for a
light-activated Ca21 channel in Drosophila photoreceptors. Neuronfrequency channel noise. The variance of this noise was measured
in short (50 ms) overlapping segments (repeated at 12.5ms intervals) 8, 643±651.
and the mean value from the corresponding time region of the origi- Hardie, R.C., and Minke, B. (1993). Novel Ca21 channels underlying
nal data trace. Baseline mean and variance were determined in the transduction in Drosophila photoreceptors: implications for phos-
dark in identical fashion during the 250 ms immediately prior to phoinositide-mediated Ca21 mobilization. Trends Neurosci. 16,
the light stimulus and subtracted to isolate the light-induced mean 371±376.
current and variance. Hardie, R.C., and Minke, B. (1994). Spontaneous activation of light-
When open probability is low, the single channel current amplitude sensitive channels in Drosophila photoreceptors. J. Gen. Physiol.
(I) underlying the macroscopic noise is given simply by variance/ 103, 389±407.
mean (Colquhoun and Hawkes, 1977). When this assumption holds,
Hardie, R.C., and Minke, B. (1995). Phosphoinositide-mediated pho-variance/mean is constant and independent of mean current. Vari-
totransduction in Drosophila photoreceptors: the role of Ca21 andance versus mean plots of the data were essentially linear, sug-
trp. Cell Calcium 18, 256±274.gesting that this assumption holds, and single channel currents (I)
Hardie, R.C., and Mojet, M.H. (1995). Magnesium-dependent blockwere therefore taken as the slopesof the variance/mean plots (in pA).
of the light-activated and trp-dependent conductance in DrosophilaFor the case of more than one channel (or multiple subconductance
photoreceptors. J. Neurophysiol. 74, 2590±2599.states), the result should represent the weighted average of the
different single channel currents. As described elsewhere (Hardie Hardie, R.C., Reuss, H., Lansdell, S.J., and Millar, N.S. (1997). Func-
et al., 1997), power spectra may also be derived from such data and tional equivalence of native light-sensitive channels in the Drosoph-
were indistinguishable from power spectra obtained from channel ila trp301 mutant and TRPL cation channels expressed in a stably
noise obtained under steady-state conditions (during either the so- transfected Drosophila cell line. Cell Calcium 21, 431±440.
called run-down current or in heterologously expressed channels). Harteneck, C., Obukhov, A.G., Zobel, A., Kalkbrenner, F., and
Channel conductance, g, was calculated as a chord conductance: Schultz, G. (1995). The Drosophila cation channel trpl expressed
i.e., g 5 I/V, where V (in volts) equals the holding potential minus in insect Sf9 cells is stimulated by agonists of G protein±coupled
the reversal potential; finally, a correction was made for the power receptors. FEBS Lett. 358, 297±300.
estimated to have been lost by filtering of the recording bandwidth.
Hille, B. (1992). Ionic channels in excitable membranes. (Sunderland,This correction was made by comparing the integrated areas under
MA: Sinauer).idealized noise power spectra (based on Lorentzian fits) before and
Hochstrate, P. (1989). Lanthanum mimicks the trp photoreceptorafter convolving with a function describing the combined filtering
mutant of Drosophila in the blowfly Calliphora. J. Comp. Physiol.characteristics of the clamp time constant (the major limiting factor),
[A] 166, 179±187.the Bessel filter (fourth order, 2 kHz), and the loss at low frequencies
due to subtraction of the fitting algorithm. Hoth, M., and Penner, R. (1993). Calcium release-activated calcium
current in rat mast cells. J. Physiol. 465, 359±386.
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